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Abstract 
An ultrasonic viscometer was used to measure the circumferential viscosity variation in a journal 
bearing non-invasively. This sensing technique is based on the reflection of a shear wave at a solid-
liquid boundary that depends on the viscosity of the liquid and the acoustic properties of the solid. 
Very little ultrasonic energy can propagate into the oil at a metal-oil interface because the acoustic 
mismatch is significant. Interleaving a matching layer between the metal and the lubricant enables 
accurate ultrasonic viscosity measurements [1]. This technique has been used to build a miniaturized 
ultrasonic viscometer that is accommodated inside a journal to obtain the circumferential viscosity 
profile. Four viscosity regions are identified due to the variations in the localized temperatures and 
loads. The results are compared with the isoviscous solution of the Reynolds equations for 
hydrodynamic lubricated bearings. The ultrasonic viscometer locates the angle at which the 
maximum load occurs and the length of the loaded contact with good accuracy. Finally, the viscosity 
results are used to estimate the frictional power losses. It is shown that over 70 % of the total losses 
in the journal bearing occur in the region where the load is maximum. 
1. Introduction 
Lubricant viscosity is directly linked to the energy losses in a journal bearing. Smart lubricant design 
aims to minimise the oil viscosity in parts of the bearing that do not support load, while maximizing 
the viscosity only where high load requires high localized viscosity to guarantee a full lubrication 
layer. Given this, a method to accurately measure the viscosity is of importance to improve the 
current design of journal bearings. 
Engine oil viscosity is normally measured by steady shear techniques that require the oil to be 
extracted from the contact. This operation alters the condition at which the oil operates, because 
common viscometers cannot reproduce the condition of pressure, temperature and contact that are 
present at the contact of engine components.  
This limitation of conventional viscometers can be overcome by vibrational viscometers operating 
with piezoelectric transducers. These sensors have the potential to be miniaturized to fit the 
complex geometry of an engine and to study the lubricant in the contacts. Mason [2] was the first to 
correlate the reflected energy from a piezoelectric (PZT) quartz crystal to the viscosity of a liquid 
sample in contact with the transducer. DĂƐŽŶ ?ƐƉƌŝŶĐŝƉůĞwas used in industry to develop different 
viscometers for general fluid analysis [3, 4, 5]. Lubricating oils were studied for the first time by 
Barlow and Lamb [6, 7]. The aim of these researchers was to use the novel ultrasonic method to 
measure oil films non-invasively and to obtain data to validate the findings of Dowson [8] in the 
elastohydrodynamic lubrication (EHL) field. They developed analytical models for the analysis of 
non-linear fluid behaviour that considered the effect of the lubricant relaxation time. The solution 
was too complex for an actual in-situ setup. Recently, an empirical model based on a simplified 
Maxwell model algorithm was developed to measure lubricating oils viscosity in-situ in engines [9].   
In spite of the improvements in ultrasonic techniques, direct viscosity measurement in components 
such as engine bearings has not previously been possible. Most engine bearing materials are metallic 
and so are highly acoustically mismatched with the lubricant. This means that very little of the 
ultrasonic wave propagates into the liquid and measurements of reflection are subject to significant 
scatter [9].  
The sensitivity of the reflectance technique is enhanced by interleaving a matching layer between 
the oil and the solid component. The use of a matching layer to improve the sensitivity of ultrasonic 
measurements dates back to the early 1950s [] when the first immersion longitudinal transducers 
were designed, but it found little use in shear wave sensors design [11]. In this work the matching 
layer approach is used to enhance the sensitivity of ultrasonic shear viscometry for in-situ 
measurements in a journal bearing.  
2. Principles of the Ultrasonic Matching Layer Viscometer 
The theory and operating principles of this ultrasonic viscometer have been described in detail in a 
previous work [1]. This section focuses, then, on presenting the use of this viscometer and on how to 
select appropriately the matching layers for automotive applications. 
2.1 Acoustic Mismatch and the Matching Layer  
Figure (1 a) shows schematically the conventional setup used in ultrasonic reflectance viscometry. 
 
Figure 1: Ultrasonic reflectance viscometry principle. a) Conventional reflectance setup, b) Matching layer method 
An ultrasonic polarized shear wave is produced by a piezoelectric transducer and propagates 
throughout the solid medium. When the ultrasonic wave is incident (I) to the interface between the 
solid and the liquid, the wave energy is partly reflected back (R) and partly transmitted in the second 
medium (T). If the second medium is a fluid, the energy of the ultrasonic transmitted wave is quickly 
dissipated because fluids cannot withstand shear waves for long distances. The magnitude of the 
energy of the reflected wave, on the other hand, is a function of the mechanical and acoustic 
properties of the first medium and the viscosity of the fluid. The relation that correlates these 
quantities is: 
ܴ ൌ ݖ௦ െ ݖ௟ݖ௦ െ ݖ௟ (1) 
 
Where ݖ௦ is solid acoustic impedance and ݖ௟  is the fluid acoustic impedance that is a function of 
viscosity. The liquid acoustic impedance is defined as: ܼ௟ ൌ ሾߩሺܩᇱ ൅ ݅ܩᇱᇱሻሿଵଶ (2) 
  
Where ߩ is density of the fluid, ܩᇱ is the shear storage modulus and ܩᇱᇱ the shear loss modulus. The 
ultrasonic reflection coefficient is, then, correlated to the acoustic and viscoelastic properties of the 
solid-liquid interface. Lubricating oils are, usually, non-Newtonian and an algorithm that reflects the 
viscoelastic behaviour of these fluids is needed. It is widely accepted that the viscoelastic Maxwell 
model describes sufficiently well the interaction between an ultrasonic shear wave and a non-
Newtonian liquid with a dominant relaxation time at a solid-liquid interface [12, 13, 14]. Figure 2 
schematically shows the interaction between a solid particle ݉௦ and a liquid particle ݉௟ at a solid-
liquid interface with a spring-dashpot Maxwell model when an oscillatory shear stress is applied. 
 
Figure 2: Schematic representation of the Maxwell model  
The damper element models the relaxation effects of a viscoelastic system as ultrasonic shear occurs 
at the solid-liquid boundary, while the spring element is used to model the instantaneous materials 
deformation. Lamb [6] obtained the viscoelastic properties of a Maxwell liquid under oscillatory 
shear as: 
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Where ܩஶ is the infinite shear modulus and G ? ĂŶĚ' ? ? are derived from the reflection coefficient by 
combining equations (1) and (2). ܩஶcannot be measured using the reflectance technique alone, so 
is not suitable for in-situ measurements. However, it was proven that the Maxwell model can be 
satisfactory used at limiting shear [12] for whichܩஶ ൌ ఎఛ. Under this assumption, the Maxwell model 
becomes: 
ߟ ൌ ݖ௦ଶߩ௟߱ ቆ  ?ȁܴȁሺ ? െȁܴȁଶሻݏ݅݊ߠሺ ? ൅ȁܴȁଶ ൅  ?ȁܴȁܿ݋ݏߠሻଶቇ ሺ ? ൅ ଶ߱߬ଶሻ 
 
(5) 
Where ߬ is measured as [1]: 
߬ ൌ ඨቀ߱ߟܩԢԢ െ  ?ቁ  ?߱ଶ (6) 
In equation (5) the term 
௭ೞమఘ೗ఠ ቀ ସȁܴȁሺଵିȁܴȁమሻ௦௜௡ఏሺଵାȁܴȁమାଶȁܴȁ௖௢௦ఏሻమቁ corresponds to the viscosity value for a perfectly 
Newtonian fluid, while the term ሺ ? ൅ ଶ߱߬ଶሻ takes into account of viscoelastic relaxation effects. 
Equation (5) is particularly useful because it allows a direct correlation between the reflection 
coefficient R to the viscosity ɻ without relying on any other rheological method. 
Equation (5) shows that a correlation exists between the fluid viscosity and the experimentally 
measurable quantity R. However, it is not practically possible to apply this relation to the case study 
where the solid is a metal and the fluid is a lubricant layer, as shown in Figure (1 a). This is because 
the shear acoustic impedance of steel is about 25-30 MRayl and the acoustic impedance of oil is less 
than 1 MRayl. When these values are inserted in equation (1) the reflection coefficient R is very 
close to the unity. This corresponds to the case in which no oil is in contact to the solid because the 
contribution of ݖ௟  to equation (1) is negligible; consequently no practical measurement of the oil 
properties can be performed. This phenomenon is called acoustic mismatch and is the reason why 
ultrasonic viscometry could not be applied to the materials typically found in engines. In this work, 
acoustic mismatch is overcome by insertion of a third layer between solid and liquid, as it is shown in 
Figure (1 b). This layer is called matching layer because it enables for a better transmission of sound 
from the solid layer to the fluid, as it is discussed in more detail in the next sections. This method is 
used in this paper to design an ultrasonic viscometer that is miniaturized and used to measure 
bearing oil viscosity in-situ. 
2.2 Reflection from a three layered system  
The theory of the reflection of ultrasonic waves in a three layered system is summarized in this 
section. Figure (3 a) shows the reflection of an ultrasonic polarized plane shear wave that is normally 
incident on the interfaces of the three layered system consisting of a solid, matching layer and a 
liquid. 
 Figure 3:  a) Reflection and transmission of a shear wave in the three layered system, b) Resonance at the solid-matching 
layer interface due to destructive interaction of incident and reflected waves 
In Figure (3 a), I is the amplitude of the incident wave, R is the total ultrasonic energy reflected from 
the three layered system, ܴ௠ is the amplitude of the reflection at the matching layer-liquid 
boundary, ௠ܶ is the amplitude of the energy transmitted at the solid-matching layer boundary, T is 
the total energy transmitted in the fluid and x is the shear wave direction of propagation. The total 
reflection coefficient R is calculated as [14]: ܴ ൌ  ? െ  ?ඨ൤ ? ൅ ቀݖ௟ݖ௦ ൅ ݖ௦ݖ௟ ቁ ܿ݋ݏଶሺ݇௠ݐሻ ൅ ൬ݖ௠ଶݖ௦ݖ௟ ൅ ݖ௦ݖ௟ݖ௠ଶ൰ ݏ݅݊ଶሺ݇௠ݐ௠ሻ൨ 
(7) 
Where ݖ௠ is the matching layer acoustic impedance, ݐ௠ is the matching layer thickness and ݇௠ ൌ ଶగఒ೘ 
is the matching layer wave number, and ߣ௠ is the wavelength in the matching layer. The acoustic 
mismatch between solid and liquid is overcome by exciting resonance between incident and 
reflected waves from the matching layer. Inside the quarter wavelength matching layer the waves 
superimpose in phase while, simultaneously, the reflected wave from the matching layer cancels out 
the incident wave, as shown in Figure (3 b). The total effect is a large increase in the ultrasonic 
measurement sensitivity because the total reflected energy ܴ ا  ?. 
2.3 Selection of the Matching Layer 
Equation (7) shows that ultrasonic resonance in the three-layered system is dependent upon the 
thickness and the acoustic impedance of the matching layer. The matching layer thickness is chosen 
to minimize the reflection coefficient, thus overcoming the previously described limitations. To do 
so, the matching layer thickness has to be equal to a multiple of a quarter of the wavelength in the 
layer: ݐ௠ ൌ ݊ܿ௠ ?݂  (8) 
Where n is a natural integer. If equation (8) in inserted in equation (7) then ܿ݋ݏଶሺ݇௠ݐሻ ൌ൫ߨ  ?ൗ ൯ ൌ  ? and ݏ݅݊ଶሺ݇௠ݐሻ ൌ ൫ߨ  ?ൗ ൯ ൌ  ? and this leads to the following simplification for 
equation (7): 
ܴ ൌ  ? െඩ  ?ݖ௦ݖ௟ቀݖ௠ ൅ ݖ௦ݖ௟ݖ௠ ቁଶ 
(9) 
Solving equation (9) for minimum reflection (i.e. R=0) gives a matching layer acoustic impedance of: ݖ௠ ൌ ඥݖ௦ݖ௟  (10) 
For a particular case with material properties ݖ௟  and ݖ௦ and a wave frequency f, equation (8) and (10) 
provide the layer thickness and material that give R=0. However, the value of ݖ௠ in equation (10) is 
not constant because ݖ௟  varies depending on the density and viscosity of the fluid. For a Newtonian 
fluid the impedance of the lubricant is approximated as [16]: ݖ௟ ൌ ඥߩ௟  ?ߨ݂ߟ (11) 
Equations (10) and (11) highlight that, given a certain setup solid-matching layer, the reflection 
coefficient of equation (1) is zero only for a specific fluid. When the fluid viscosity changes, the 
superposition of the reflected and incident wave is not perfectly resonating, because the magnitude 
of the waveform reflected from the matching layer-liquid boundary changes. As a consequence, the 
reflected amplitude is non-zero.  
2.4 Effect of the Matching Layer 
Figure (4) shows an example plot of equation (7) for two different oils of viscosities of 0.25 Pas and 
0.01 Pas when the solid line is aluminium, ݖ௦ ൌ  ?ܯܴܽݕ  ݈at the resonance frequency of 5 MHz. The 
matching layer is designed to match the fluid with viscosity of 0.25 Pas at resonance, so at 5 MHz the 
reflection coefficient for this oil is equal to zero. For measurement frequencies below and above 5 
MHz the reflection coefficient is non-zero. Similarly when the 0.01 Pas oil is considered the reflection 
coefficient is non-zero at the resonance frequency. Figure (4) shows that at the resonance frequency 
the two fluids are well discriminated, while outside resonance the fluids are not discriminated. This 
is because resonance cannot occur outside that specific frequency region, and reflection is less 
sensitive to the fluid presence. Because of this, particular attention has to be taken in designing the 
matching layer to operate with the maximum expected oil viscosity. 
 
Figure 4: Reflection coefficient sensitivity increment at resonance due to the presence of a matching layer  
Apparatus and experimental procedure 
3.1 The Matching Layer Ultrasonic Plug  
The matching layer method offers the possibility of measuring viscosity at metal-oil interfaces. In this 
work, a matching layer ultrasonic plug is manufactured and inserted in a journal bearing shaft to 
measure the oil film viscosity in-situ and real time around the bearing circumference. Figure (5 a) 
shows schematically the ultrasonic plug and its location in the journal. A pair of 5 MHz piezoelectric 
PZ5 shear transducers was bonded to the top surface of an aluminium cylindrical plug of 20 mm 
length and 15 mm of diameter. One transducer is the pulsing element (pulser), while the other 
ƌĞĐĞŝǀĞƐ ƚŚĞ ƌĞĨůĞĐƚĞĚ ƵůƚƌĂƐŽŶŝĐ ǁĂǀĞ  ?ƌĞĐĞŝǀĞƌ ? ?   ? ? ʅŵ ƚŚŝĐŬ ƉŽůǇŝŵide layer was used as 
matching layer and bonded to the plug surface in contact with the oil. This thickness was calculated 
using equation (8) and (10) for a resonance frequency of 4.5 MHz. The combination of aluminium 
and polyimide was found to be ideal for maximizing the measurement sensitivity, while minimizing 
the measurement noise [1]. The ultrasonic plug was press fitted into the steel journal of the tested 
journal bearing. The journal has been manufactured from EN24T steel to resemble the geometry of a 
section of common automotive diesel engines. The length over diameter ratio for this bearing was 
L/D=0.6. Figure (5 b) shows that half of the shaft was hollow to allow the probe cabling because the 
ultrasonic viscometer was mounted in the shaft to measure the circumferential viscosity as the shaft 
was rotated. The shaft was 300 mm long with a journal diameter of 50 mm. The bush was made of 
brass with internal diameter of 30 mm. The feeding hole consisted of a cylindrical hole that is 
positioned at the top of the bush. The position of the feeding hole was chosen so that the lubricant 
was fed where the minor load was present so that full lubricated film could form. The bush and the 
shaft radius were calculated for maximum radial clearanĐĞ ŽĨ  ? ? ʅm. This value of clearance was 
chosen to help the formation of a fully lubricated layer of oil.  
 
Figure 5: a) Scheme of the ultrasonic plug and its location in the journal b) section of the instrumented journal 
3.2 The Journal Bearing Rig  
Figure (6) shows the journal bearing rig. The brass bush was contained in a frame that maintained 
the journal bearing assembly stable when rotating and distributed the load applied. The load was 
applied to the bearing by a hydraulic ram. For this experiment the applied load varied from 10- 15kN 
to have a considerable change in viscosity in the maximum loaded region. The ends of the journal 
were supported by two bearings and the shaft rotation was driven by a pulley connected to an 
electric motor. The rotational speed of the electric motor was controlled by an inverter. The 
maximum rotational speed was 1000 rpm. K-type thermocouples measured the temperature at the 
journal bearing surface in eight different positions. The thermocouples were located in holes of 1 
mm diameter at a depth of 5 mm from the contact surface. 
 
 
Figure 6: the journal bearing test rig for viscosity measurement 
3.3 Instrumentation 
Figure (7) schematically shows the experimental instrumentation. There are two waveform 
generators (type TTI TG5011). The first waveform generator is activated when the optical sensor 
passes through the trigger point once every revolution of the journal. When the waveform generator 
1 is triggered, it sends an impulse signal to the waveform generator 2. This enables data acquisition 
at fixed pre-defined positions. 
 
Figure 7: Scheme of the measurement chain of the journal bearing test rig 
 
The acquisition positions were determined by adding a delay to the triggering signal. When the 
waveform generator 2 was activated it sent a pulsing signal to the emitting transducer. The reflected 
signal from the journal-oil interface was received by a second transducer (receiver) and displayed on 
a Lecroy ? LT342 type oscilloscope. The data were then continuously acquired in a PC where a 
LabView ? code converted the reflection coefficient to viscosity according to equation (5).  
 
3.4 Test Lubricants 
The lubricants chosen were two base oils, an ester and a PAO40, and one fully formulated oil which 
contains a viscosity modifier (VM). The lubricants were selected for their structure interaction with 
the ultrasound at high frequencies. Table (1) reports the viscosity data for the test oils. The viscosity 
was measured with a conventional rheometer (AR G2 ? from TA Instruments) at the shear rate of 
100 Hz, and with an ultrasonic matching layer ultrasonic viscometer at the frequency of 4.5 MHz. 
This was an ultrasonic plug with the same characteristic as the one inserted in the journal bearing, 
but used outside the bearing test rig to characterize the test oils. The Ester sample is a base oil that 
shows Newtonian behaviour even at high frequencies because the viscosity measured with the 
ultrasonic viscometer corresponds to the measurement performed with a steady shear cone 
rheometer. The PAO40 sample is a base oil with a complex molecular structure that make it non-
Newtonian. The shear thin of the ultrasonic results in comparison to the steady shear ones is due to 
the high molecular weight of the PAO40. When the PAO40 is subject to high shear frequencies the 
molecules tend to pack up thus the overall measured viscosity reduces. Finally, the sample VM shear 
thins because the polymer cannot relax fast enough at high ultrasonic frequencies. This means that 
the ultrasonic viscometer measures the viscosity of the base oil for the VM sample. This is of interest 
for oil manufacturers because knowing how the base oil evolves and degrades in the journal bearing 
contact can help designing better polymers to interact with that base oil. 
 Viscosity  (mPas), 20 °C Viscosity  (mPas), 40 °C Viscosity  (mPas), 60 °C 
Sample 100 Hz 4.5 MHz 100 Hz 4.5 MHz 100 Hz 4.5 MHz 
Ester 230 216 99 90 50 45 
PAO40 915 450 350 190 158 113 
VM 118 32 42 15 31 6 
Table 1: Oil samples viscosity measured at different frequencies 
 
Table (1) shows the difference between the viscosity measured with a steady shear and an 
oscillatory technique. This difference arises because the response of high inertia particles and 
additives at high ultrasonic frequencies is too slow to completely relax. As a consequence the 
reflected ultrasonic wave at high ultrasonic frequency is function of the base oil viscosity only [1].  
3.5 Signal processing  
The reflection coefficient is calculated experimentally by dividing the amplitude of the signal 
acquired from the solid-liquid interface by the amplitude of the signal obtained from a reference 
interface. ܴ ൌ ܣ௠ܣ௥  
 
(12) 
Where ܣ௠ is the amplitude of the reflected signal from the solid-oil contact interface and ܣ௥ is the 
reflected amplitude from the solid-reference interface. The reference medium is highly acoustically 
mismatched from the ultrasonic plug to guarantee maximum ultrasound reflectance. In this way, the 
reflection coefficient calculated using equation (12) is a measure of how much the viscosity of the 
fluid influences the attenuation of the signal ܣ௠. The air interface is commonly used as convenient 
reference in reflectance experiments. The main problem associated with the acquisition of the 
reflection coefficient in journal bearings is that there is no air interface that can be used as 
reference. This limitation is overcome by acquiring both the reference and the measurement signal 
together using a chirp signal.  
 
Figure 8: A chirp signal 
A chirp (Figure 8) is a signal modulated in frequency that allows pulsing multiple frequencies with 
one burst. Using a chirp the portion of the signal that contains the resonance frequency component 
attenuates massively, while the portion of the signal with frequency component outside resonance 
does not attenuate. This means that part of the signal is very sensitive to the fluid and attenuates at 
the resonance frequency, and is equivalent to ܣ௠, while the component outside resonance is not 
sensitive to the presence of the fluid, and is an ideal reference signal (ܣ௥). Figure (9 a, b) shows 
schematically how this measurement method works. 
 
Figure 9: a) Amplitude spectra at a solid interface with and without oil. b) The reflection coefficient (equation 13) 
showing a resonance region sensitive to oil and a low response region when R is close to the unit value.  
3.6 Procedure 
The lubricant samples were tested at the rotational speed of 500 rpm and 1000 rpm and at different 
load levels. The rotational speeds and loads were chosen to simulate the temperature and pressure 
within the oil contact in conventional car engine journal bearings conditions. The rotational speed 
was chosen to simulate common values of journal rotational speed encountered in passenger car 
engines and the maximum rotational speed was limited by the motor inverter used for the 
experiment. Different rotational speeds were chosen to obtain different temperatures at the contact 
and so detectable changes in viscosity due to the temperature rise. The loading conditions were 
chosen to obtain a maximum contact pressure of around 10 MPa (see also section 5). This value of 
pressure is in the expected magnitude order for passenger car journal bearings. Every experiment 
was repeated twice consecutively with a pause of one hour between every test run to disperse the 
heat accumulated during the previous experiment. Every time a new sample was tested the rig was 
cleaned by flushing the new test lubricant until only the new sample is present in the contact area. 
Table 2 reports the test matrix. 
Sample Load at 500 rpm (kN) Load at 1000 rpm (kN) 
Ester 12 12 
PAO40 15 20 
VM 12 15 
Table 2: Experimental test matrix 
3.7 Theoretical bearing model 
The viscosity measured experimentally around the bearing circumference was compared with the 
well-known analytical solution from a semi-isoviscous model of the Reynolds equation for the 
hydrodynamic lubrication of journal bearings, using a finite differences algorithm [17]. A full thermo-
elastohydrodynamic model of film formation and viscosity was beyond the scope of this work. Here 
a simplified approach was used to establish where the pressure variation in the bearing gap is such 
that the viscosity increases to a maximum.  This value was then compared with the experimental 
results of the experimental data. Firstly the geometry of the bearing gap was obtained using the 
chart of Raimondi and Boyd [18]. The Raimondi-Boyd charts provide the solution for the Reynolds 
equation for one dimensional flow for different parameters (e.g., the film thickness). This solution is 
valid for the L/D ratio used in this research work.  These charts were used to determine the 
eccentricity ሺߝሻ and the non-ĚŝŵĞŶƐŝŽŶĂůůŽĂĚt ?ĨŽƌĞĂĐŚŽŝůƐĨŽƌƚŚĞƚǁŽƌŽƚĂƚŝŽŶĂůƐƉĞĞĚƐ ?dĂďůĞ ?
summarizes the input parameter of the semi-isoviscous model. 
 
Parameter Ester PAO40 VM ܹᇱሺ ? ? ? ?ሻ 1.7109 0.9125 7.984 ܹᇱሺ ? ? ?ሻ 3.43 1.372 16 ߝሺ ? ? ? ?ሻ 0.425 0.29 0.72 ߝሺ ? ? ?ሻ 0.58 0.39 0.82 
Table 3: Entry parameters of the analytical model  
For the purpose of this calculation, the oil viscosities were assumed to be constant and equal to the 
viscosity measured at the bearing mean operating temperature (also called effective temperature). 
Once the geometry of the bearing gap was determined a finite differences method was used to solve 
the Reynolds equation. The model assumed no elastic deformation, no shear heating, and, a 
constant viscosity. The output of the Reynolds finite difference method is the pressure distribution 
around the bearing. The pressure results from the model are shown in Section 4.3 and are used to 
calculate the angle at which the maximum load occurs as well as the expected maximum viscosity 
due to the pressure increment. 
4. Results 
4.1 Circumferential Viscosity Variation 
Figures (10 a) shows an example of the viscosity results obtained along the bearing circumference 
for the PAO40 sample. In Figure (10 a) is possible to identify four different viscosity regions. These 
can be easily visualized in Figure (10 b) as a polar plot for the test conducted at 500 rpm. In this plot 
the temperatures reported in the different zones refer to the average temperatures measured by 
the thermocouple at the corresponding bearing position at the moment of data acquisition.  
Zone 1 has low temperature and low load and is associated with the inlet region. The oil is fed at the 
angle of 30 degrees at room temperature and the viscosity value measured is equal to the viscosity 
of the oil at room temperature, ߟ଴ in Table 2. This region is characterized by the lowest values of 
temperature and pressure. 
 
Figure 10: a) Angle-Viscosity plot for the PAO sample b) Bearing circumferential viscosity for the PAO sample 
Zone 2 is characterized by high temperature and low load. This region is characterized by a drop in 
viscosity and it is also the area where minimum film thickness is expected. It is interesting to note 
that the viscosity profile in this region is similar to the one in zone 4. This is due to the fact that the 
temperature measured in zone 2 is very close to that measured in zone 4. In zone 2, therefore, the 
temperature effect is dominant since the load is not sufficient to increase the viscosity greatly. 
Zone 3 is characterized by a temperature rise and high load. The viscosity measured in this zone is 
characterized by the superposition of the effects of temperature and pressure, as shown 
schematically in Figure (11). The film thickness shape in the upper figure is a function of the bearing 
profile, while in the middle sketch the viscosity is assumed to be a function of temperature only. The 
maximum temperature is usually coincident to the minimum film thickness or in the region 
immediately after the minimum film thickness: the higher the temperature, the lower the viscosity. 
Finally, the bottom sketch shows what happens when a pressure gradient is present. In this case, 
viscosity increases exponentially with the pressure thus explaining the viscosity curve shape. 
In the zone 4, the temperature rises and the load is low. This zone is characterized by a lower value 
of viscosity because the temperature rises and the load value is negligible. It has to be noticed that 
the measured value of temperature is much higher than in zone 1 and there is a sudden drop as cold 
oil enters the bearing.  
 
Figure 11: Schematic representation of the viscosity profile in the region under maximum load 
 
4.2 Power Loss Variation 
The viscosity results in conjunction with the calculated film thickness can be used to calculate the 
power losses at each position around the journal bearing circumference. Figure (12) shows the 
geometry of the bearing as an infinitesimal lubricant quantity is sheared at the contact interface. The 
power loss in this small element is given by: ݀ ሶܹ ൌ ߬௫݀ܣܴ߱ (13) 
Where ߬௫݀ܣ is the shear force on the element of surface area dA and ܴ߱ represent the entraining 
velocity. This expression can be expanded in terms of the viscosity and shear rate ߛሶ  as: ݀ ሶܹ ൌ ߟߛሶܤ݀ݔܴ߱ (14) 
Where ܤ݀ݔ is the surface area. Assuming a linear velocity gradient then: ݀ ሶܹ ൌ ߟ ܴ݄߱ ܤ݀ݔܴ߱ (15) 
 Figure 12: Scheme of the journal bearing geometry  
Consequently: ሶܹ ൌ ሺܴ߱ሻଶܤ න ݄ߟ ݀ݔ௅଴  (16) 
In section 4.1 the viscosity results were acquired at discrete locations. Then the integral in equation 
(16) is the sum of ఎ௛ at each discrete location and ݀ݔ becomes ଶగோ௡  where n is the number of discrete 
points acquired. Therefore, equation (16) becomes: 
ሶܹ ൌ ሺܴ߱ሻଶܤ ෍ ߟ௜݄௜  ?ߨܴ݊௡௜ୀଵ  (17) 
The film thickness is calculated using the Raimondi-Boyd [19] charts with the input parameters 
provided in section 4.1 in Table (3) as: ݄௜ ൌ ܿሺ ? ൅ ߝܿ݋ݏߠ௜ሻ (18) 
Figure (13 a, b) shows the power loss for each discrete region. These are calculated using (17) and 
the viscosity results for Figure (16). Figure (13 c, d) shows the total power losses obtained 
cumulatively at each location using equation (17). The total power losses are compared with the 
Petroff [17] equation for the approximated total power losses in a plain journal bearing: 
௉ܹሶ ൌ  ?ߨଶߟܤܴଶܹ߱ ? ? ? ?ܲܿ  (19) 
Where ௉ܹሶ  is the Petroff total power loss in a plain journal bearing. 
The majority of the power loss occurs in the maximum loaded region where the higher viscosity and 
minimum film thickness are present. Figure (14) shows, as an example, on a polar graph the power 
losses versus angle for the Ester oil at 500 rpm. The graph shows that the majority of the power 
losses are concentrated in the small area where the film thickness is minimum and the pressure is 
maximum.  
 
 Figure 13: Power loss distribution around the journal bearing circumference for two rotational speeds: a) local power 
loss at 500 rpm, b) local power loss at 1000 rpm, c) cumulative power loss at 500 rpm, d) cumulative power loss at 1000 
rpm 
 
Figure 14: Power loss (W) in the journal bearing for the Ester sample. Over 70 % of the total losses happen in the region 
where the viscosity is higher 
 
4.3 Results comparison with a semi-isoviscous model 
The experimental angle-viscosity results were compared with the finite element semi-isoviscous 
solution of the Reynolds equation. This model calculates the pressure distribution around the journal 
bearing, given the input parameters reported in Table (3), Section 3.7. Figure (15) shows the 
pressure field obtained as solution of this model. 
 Figure 15: Pressure field in the journal bearing for the different oils at the different testing conditions 
The pressure field of Figure (15) was then used to predict the viscosity change in the oil according to 
the Barus equation: ߟ ൌ ߟ଴݁ఈ௣ (20) 
Where ߟ is the viscosity at pressure p and ߟ଴ is the viscosity at atmospheric pressure. A more 
complete model would use this viscosity variation to iterate a new gap shape and pressure profile. 
For simplicity this was not done in this work.  
Figure (16) shows the comparison of the viscosity-angle results for the ultrasonic viscometer and the 
semi-isoviscous model. The ultrasonic viscometer identifies clearly the region at which maximum 
pressure occurs and where the viscosity increases. The semi-isoviscous model does not calculate the 
variation of viscosity with the temperature variation. The shape of the experimental ultrasonic 
viscometer curves is characterized by the influence of thermal effects, contrary to the semi-
isoviscous curve. Outside the loaded region, where the temperature is varying, but the load is not, 
there is no change in viscosity and the model and experimental curve differ substantially. The shape 
of the experimental curve is influenced by both pressure and temperature effects. 
 Figure 16: The circumferential viscosity profile in a journal bearing. Comparison between semi-isoviscous model and 
ultrasonic matching layer viscometer 
 
6. Conclusions 
This paper illustrates the application of an ultrasonic matching layer method to measure viscosity in-
situ in an operating journal bearing. The ultrasonic viscometer was mounted in the journal to allow 
measurement of the circumferential viscosity at different rotational speeds and loads. The results 
show four different viscosity regions: low temperature and low load, high temperature and no load, 
maximum load and temperature, high temperature and no load. These regions are consistent with 
the viscosity field expected by superposition of the effects of the temperature and pressure gradient 
that were measured. The importance of the viscosity results is enhanced by quantifying the power 
losses in the bearing. It is shown that the majority of the losses are localized in the small area where 
the film thickness is minimum and the load is maximum. The experimental results were compared 
with a simulation of the Reynolds equation for journal bearings hydrodynamic lubrication. The 
comparison of the results shows that the ultrasonic viscometer and the model identify the same 
loaded region and the same angle at which the maximum load occurs. The discrepancies between 
the maximum viscosity measured with the numerical model and the viscometer is due to the fact 
that the numerical model does not take into account thermal effects and shear heating. The findings 
of this research have significant impact in the automotive and lubricant industries It significantly 
advances the understanding of the complex lubrication conditions found in engine contacts and 
further validates the existing lubrication models. The scientific experimental techniques and 
fundamental knowledge generated by this research aid the design of advanced lubricant 
formulations.  
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